A double-thickness transmission model for a three-layer structure combined with a genetic algorithm was adopted to determine the spectral radiation properties of liquids. The reliability of this model was illustrated by the good agreement between the optical constants measured and that from the references. Then the spectral radiation properties of three typical liquid hydrocarbon fuels (diesel, gasoline, and jet fuel) available in China were measured in the wavelength range of 1000-2100 nm from room temperature to 423 K. Results indicate that the optical constants of these fuels are related to the fuel composition, wavelength, and temperature. At room temperature, the absorption index of the low carbon fuel (gasoline) was smaller than that for the high carbon fuels (diesel and jet fuel) in the wavelength range of 1100-1450 nm and 1700-2000 nm and larger in other bands. From room temperature to 423 K, the absorption index increased with temperature by a maximum rate of 50% per degree for the low carbon fuel, while it presents different trends for the high carbon fuel. The absorption index of the diesel decreased with temperature by a maximum rate of 40% per degree, while there exists a turning point for that of jet fuel at 1685 nm. For all these fuels, the temperature influence on the refractive index was not obvious, as the changing rate only reaches up to 3% per degree.
Introduction
Spectral radiation property parameters of liquid hydrocarbon fuels, such as absorption, emissivity, and so on, are important in many combustion applications, especially in the internal combustion engines, because they are related to the fuel evaporation, [1] [2] [3] combustion, 4 and emissions, 5 while thermal radiation is the principle mode of heat transfer under high temperatures. However, the lack of spectroscopic data of fuels is often the reason for ignoring the radiation heat transfer during analysis, and this is one challenge for this research field. Therefore, it is necessary to undertake research on these parameters.
Spectral radiation properties can be calculated from optical constants. Considering it is difficult to measure the optical constants directly by experiments, researchers have developed many methods based on other measurable physical parameters, such as transmittance, [6] [7] [8] [9] [10] [11] reflectivity, 12 and some others. 13, 14 Due to the characteristics of liquid fuels, the two most popular methods are transmission and attenuated total reflection (ATR). As the liquid fuels have obvious transmittances in the near infrared (NIR) region of the electromagnetic spectrum, it is considered as wise to evaluate the transmission method in study reported in this paper.
In earlier researches, Kramers-Kronig (K-K) relations were usually used as the complementary equation for the transmission method, and the representative research was reviewed by Bertie. 6 But considering the contradiction between the infinite integration in the K-K relations 15 and the limited wavelength range in measurements, this inversion method had a truncation error when calculating the refractive index. Although the subtractive Kramers-Kronig (SKK) relations were developed to solve this problem, it is also difficult to obtain the refractive index at high wavenumbers. Taking into account the problems mentioned above, researchers proposed another method that solved simultaneous equations of transmittance spectra measured under the conditions with different sample thicknesses. Tuntomo et al. 16 calculated the optical constants of heptane and decane by this method, in which the transmittance was defined as the ratio of the transmission intensity of the filled cell and that of the empty cell. But multiple reflections between optical windows were ignored in this definition. Later, Howell et al., 17 Large et al., 18 and Stenzel 19 all deduced the transmittance expression of multiple layers; then Otanicar et al. 20 studied several gasoline samples under the definition of transmittance as the ratio of transmission intensity of the filled cell and that of the empty compartment, that is regarding the three-layer structure of the cell filled with liquid as a whole. But only the absorption index was obtained in this research, without the refractive index n. In recent years, Sani and Dell'Oro 7 calculated the absorption index using this method, but adopted K-K relations to get the refractive index. Li et al. 21 obtained the optical constants of kerosene with this method, but ignored the difference of the reflectivity between liquid and windows. Thus, it is necessary to do some modifications on the inversion model.
In internal combustion engines, temperature of fuels can reach up to 2000 K, [22] [23] [24] and the combustion temperature of jet fuel in the aircraft engine can even reach 2900 K. 25 According to Wien's displacement law, the peak wavelengths of fuels are distributed in the wavelength range of 1000-2100 nm.
In this paper, the double-thickness transmission model for three-layer structure is described and it is combined with the genetic algorithm to determine the optical constants of liquids. The reflectivity changes at interfaces and the multiple reflections between layers are taken into account. Transmittance spectra were measured in different sample thicknesses with the empty sample compartments as the background. The good agreement between the calculation of results from spectra and reference values of optical constants of water indicated the reliability of this method. Finally, the NIR spectral radiation properties of three typical fuels available in China were determined and compared from room temperature to 423 K.
Theory model
In traditional researches, the background spectrum is measured with the liquid cell evacuated. In this condition, the transmitted signal measured includes transmission losses from cell window absorption and multiple reflection. If the filled medium is in the gas phase, the refractive index change from air to vapor is typically small and the background spectrum includes all transmission losses except for absorption by the gas. However, the refractive index change from air to liquid is large, which causes significant variation between the background spectrum measured with the evacuated cell and the real background of the filled cell. Therefore, the empty compartment is measured as the background spectrum, while the three-layer structure of the filled cell is measured for the transmittance spectrum as a whole. In this case, all the effects of windows are considered in the expression of the total transmittance.
The optical constants of liquid fuels, which consist of the real and imaginary refractive index, are researched in this paper. The real part of the refractive index, n, is related to the reflection of light at the interface of different media, as shown in equation (1) . The imaginary part of the refractive index, , also called the absorption index, is related to the optical absorption, as shown in equation (2) . And according to Beer's law, the optical absorption has a relationship with the transmission of a medium as expressed in equation (3) .
where is the reflectivity at the interface of different media, is the absorption coefficient of a medium, is the wavelength, is the transmissivity of the medium, and L is the thickness of the medium. The subscripts 1 and 2 refer to different media. According to Howell et al., 17 for single-layer structure of an absorbing material, the transmittance, e , and reflectance, e , are formulated as equations (4) and (5) .
The research reported in this paper focused on the transmittance spectra of the three-layer structure; then the transmittance formula was deduced utilizing the multilayer transmission expression from Howell et al. 17 During the derivation process, the transmittance expression of the adjacent two layers was formulated first, and then the transmittance of the three-layer structure was deduced while these two layers were regarded as a whole. The final transmittance formula is expressed as equation (6) .
e,total ¼ 2 e,1 e,2 1 À e,1 e,2 À e,1 e,3 þ 2 e,1 e,2 e,3 À e,2 e,3 2
where e, i and e,i are transmittance and reflectance of the layer, and their expressions are shown as equation (7) to equation (11) . Different from previous researches, the difference between the interface reflectivities of the two optical windows e,1 and e,3 was taken into account as shown in equations (9) and (11) .
In above-mentioned equations, 1 and 2 stand for interface reflectivity between air and the optical window and that between the optical window and the liquid sample respectively, while 1 and 2 stand for transmissivity of the optical window layer and that of the liquid sample layer, respectively. Expressions of these parameters refer to equations (1) and (3).
In theory, there are only two unknown parameters, the refractive index n 2 and the absorption index 2 of the liquid sample, that need to be solved in the above equations; therefore, these two parameters can be solved by these simultaneous equations at different sample thicknesses. Considering it is impossible to solve equation (6) directly because of its complexity, an iterative process based on genetic algorithm (GA) was adopted in this research. First, the initial value of the absorption index 2 was calculated using equation (12) under the condition of ignoring multiple reflections between optical windows. Then, taking the multiple reflections into consideration, the corresponding reflectivity at the liquid-window interface, 2 , was calculated according to equation (5) , which was used to update 2 by equation (13) . The initial value of the refractive index n 2 was calculated according to equation (1) .
With these initial values, the total transmittances of the three-layer structure with different liquid thicknesses, c,total1 and c,total2 , was calculated by equation (6) . Finally, to minimize the deviations between the calculated transmittances and the measured ones by the GA program based on the Fortran language, the objective function (F) was expressed as equation (14) .
Experimental setup
The experimental setup for transmittance measurements is shown in Figure 1 . Figure 1(b) shows the schematic diagram of the FT-NIR spectrometer. The beam emitted by the NIR source was modulated by the interferometer, and then it was reflected into the sample compartment by a parabolic mirror. After that, an ellipsoidal (ELL) mirror was used to gather transmission light into the detector. As the diameter of optical windows mounted on the two sides of the sample compartment is small, the stray light can be restrained and the back-reflected light into the interferometer can be prevented. The transmittance spectra were measured using an FT-NIR spectrometer (model V70, Bruker Optik, GmbH, Ettlingen, Germany) with CaF 2 beam splitter, NIR light source and InGaAs detector. The specific experimental setup is shown in Figure 1(a) . The spectra were collected for the wavelength range 1000-2100 nm using a resolution of 4 cm À1 . The manufacturer-specified maximum resolution is 0.16 cm À1 . A demountable liquid sample cell manufactured by Specac Corporation (Kent, England) and composed by two optical windows and a series of PTFE pathlength spacers was used to measure transmittances at different sample thicknesses. In this research, the CaF 2 windows were used for the transmittance measurements of water and the NaCl windows for the fuel samples. Spacer thicknesses were chosen as 1.0 mm and 0.5 mm, which would be hundreds of times of the researched wavelengths, so there was no necessity to take the interference effect into account.Except that, an electrical heating jacket was used to heat the liquid sample cell, and its temperature stability was better than AE 2 C. During measurements, a background spectrum was recorded while the compartment was empty before each sample was scanned. Several measurements were conducted for each condition until the results remained stable, and the error of repeated measurements was below 0.5%.
Results and discussion

Verification
To verify the method adopted in this paper, the NIR transmittance spectra of water, packaged with CaF 2 windows, were measured at room temperature, as shown in Figure 2 . The thicknesses of the water layer are 0.5 mm and 1.0 mm. Then the optical constants of water were calculated and these are shown in Figure 3 . In the calculation, the absorption index of the CaF 2 window was set to be zero, while the refractive index was obtained from the dispersion relation deduced via data in the visible region by following Bezuidenhout. 26 Comparing the optical constants of water from calculation and published data, [27] [28] [29] the results showed excellent agreements except for the strong absorption range around 1900 nm. Therefore, the refractive index spectrum in the range of 1900-2000 nm is removed from Figure 3(b) . Also, the obvious deviation of refractive index around 1450 nm is a result of the small values of transmittances. All the references adopted the K-K relations as the complementary equation when calculating the refractive index; then the refractive index at the high wavenumber needed to be known before. But when researching on an unknown liquid sample, this method cannot be taken without that message. Therefore, it is acceptable of the transmission model used here.
These results indicate that this method is reliable to obtain the absorption index of liquid samples, while there exist deviations for the refractive index obtained when the absorption is strong or the measured transmittance values are too small.
Results
Based on the above verification, the optical constants of several typical fuels, produced by Daqing in China, were determined by this method, which can supply radiative characteristic data for other applications. The researched fuels were No. 97 gasoline, No. 0 diesel, and No. 3 jet fuel and their components are shown in Table 1 . Under comparison, gasoline belongs to a low carbon fuel, while diesel and jet fuel are high carbon fuels. The recorded transmittance spectra of these fuels are shown in Figures 4 to 9 . As the strong volatility of the gasoline sample, only conditions under 313 K can be measured in our experiments, while No. 0 diesel and No. 3 jet fuel were researched in the temperature range of room temperature to 423 K.
The absorption bands of No. 0 diesel and No. 3 jet fuel were mainly located at 1195, 1210, 1390, 1410, 1725, and 1760 nm, while 1150, 1190, 1410, and 1700 nm were the main absorption bands for No. 97 gasoline shown in Figure 10 . Although No. 0 diesel and No. 3 jet fuel had the same absorption bands, some of them had different intensities. These absorption bands can be classified into three groups 35 : 1100-1300 nm is the range of the secondary frequency doubling, 1300-1500 nm is the range of the combined frequency, and 1550-1860 nm is the range of the primary frequency doubling.
The measured transmittance spectra were used to determine the optical constants of these fuel samples, and the results are shown in Figures 11 to 13 . During calculation, the absorption index of NaCl windows was set to be zero, while the refractive index was deduced from its dispersion relation in the visible band. 36 As shown in Figure 11 , the absorption index of No. 97 gasoline increased with temperature in the wavelength range of 1000-1150 nm, 1250-1350 nm, and 1000 1100 1200 1300 1400 1500 1600 1700 1800-2050 nm, while it is almost the same in other bands of this study. And the growth rate can reach 50% per degree in the involved area. For the refractive index of No. 97 gasoline, the absorption index also increases with temperature in the researched band but the changing rate is low, which only reaches to a maximum of 3% per degree.
For No. 0 diesel, as shown in Figure 12 , the absorption index decreases with temperature in the researched band except the wavelength range of 1600-1700 nm where the temperature influence is not obvious. The decrease rate of the absorption index from 293K to 423K can reach 40% per degree at maximum. In addition, the refractive index shows the same trend as it decreases slightly with temperature in the researched band, with the decrease rate of 2.2% per degree.
The final one is No. 3 jet fuel sample, as shown in Figure 13 . The changing trend of absorption index is different from the other two fuels as it has a turning point at 1685 nm, before which the absorption index increases with temperature at a maximum rate of 80% per degree and after which it decreases with temperature at a maximum rate of 16% per degree from 298 K to 423 K. For the refractive index, temperature influence is not obvious in the researched band, while the value at room temperature is a little smaller than other conditions at a changing rate of 3.2% per degree.
The absorption indexes of the three fuels were compared at room temperature, and the results are shown in Figure 14 Figure 14 (b). The changing trend was the same with that at room temperature, while the difference between these two fuels decreased.
Conclusion
In conclusion, a double-thickness transmission model for the three-layer structure was adopted to determine the spectral radiation properties of liquids, which was verified by researches on water. The optical constants of three typical fuels available in China had been researched in the wavelength range of 1000-2100 nm from room temperature to 423 K. Through analysis, the absorption index of the high carbon fuel (No. 0 diesel and No. 3 jet fuel) are located in the range of 2 Â 10 À6 -1.5 Â 10 À4 , while that of the low carbon fuel (No. 97 gasoline) is located in the range of 7.2 Â 10 À7 -1.2 Â 10 À4 in the researched band. Temperature has a significant effect on the absorption index of the hydrocarbon fuels and the changing rate of the absorption index can reach 50% per degree, while the temperature influence for the refractive index is not obvious in the researched band. As the optical constants are the basic parameters for the calculation of other radiation properties, the parameters related to the combustion, evaporation, and emission of hydrocarbon fuels can be predicted, which can help to take the radiative heat transfer into account in these processes.
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